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THE  MASS  AND  ANGULAR  MOMENTUM  BALANCE  OF  THE 
ZONALLY-AVERAGED  GLOBAL  CIRCULATION 

Ronald  D*  Townsend  end  Donald  R.  Johnson 
University  of  Wlsconsin-Madison 

1*  Introduction 


A  primary  objective  of  atmospheric  general  circulation  research  dur¬ 
ing  the  past  three  decades  (e.g.,  Lorenz,  1967;  Newell  et  al.,  1970;  Starr, 
1966;  Oort  and  Rasmusson,  1970;  and  others)  has  been  to  Identify  physical 
processes  associated  with  the  forcing  and  maintenance  of  the  zonally-averaged 
global  circulation.  Investigators  have  explained  the  zonally-averaged  global 
circulation  and  associated  transports  of  mass,  angular  momentum,  and  energy  as 
a  response  to  differential  heating  and  rotation.  Virtually  all  general  circu¬ 
lation  research  has  been  conducted  In  lsobarlc  coordinates.  However,  exten¬ 
sive  research  In  lsobarlc  coordinates  has  failed  to  Isolate  mean  circulations 
directly  associated  with  planetary  scale  heat  sources  and  sinks.  Both  the 
Hadley  and  Ferrel  circulations  are  restricted  in  meridional  extent  from  that 
expected  from  thermodynamic  considerations  and  their  maintenance  depends  In 
large  part  on  the  eddy  transports  of  angular  momentum  and  sensible  heat 
(Lorenz,  1967). 

Alternatively,  Johnson  and  Dutton  (see  Dutton,  1976;  pages  423-429) 
first  suggested  that  a  thermally-forced,  Hadley-type  meridional  circulation 
spanning  a  hemisphere  occurs  within  the  lsentroplcal  zonally-averaged  circu¬ 
lation.  Limited  research  in  lsentropic  coordinates  (Henderson,  1971;  Zlllnan, 
1972;  Galllnore,  1973;  and  Otto,  1974)  has  fostersd  the  development  of  an 
lsentropic  perspective  of  the  general  circulation  which  Is  Intriguing  and  in 
many  ways  different  from  the  lsobarlc  perspective.  The  data  set  generated 
during  the  first  CARP  Global  Experiment  (FOCI)  provides  a  unique  opportunity 
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to  investigate  the  planetary  scale  circulation  in  lsobaric  end  lsentroplc 
coordinates* 


In  this  paper  diagnostics  of  the  sonally-averaged  global  circulation 
in  both  lsobaric  and  lsentroplc  coordinates  are  presented*  Although  diagnos¬ 
tics  for  the  entire  FGGE  year  have  been  computed,  only  the  results  for 
January,  April,  July  and  October  will  be  shown.  The  discussion  focuses  pri¬ 
marily  on  January  or  the  Northern  Hemisphere  winter  circulation*  After  a 
brief  discussion  of  the  data  processing  procedures  the  lsobaric  and  lsentroplc 
mass  circulations  are  compared*  The  meridional  distribution  of  sonally- 
ave raged  dlabatlc  heating  is  calculated  indirectly  from  the  lsentroplc 
meridional  mass  circulation.  In  the  final  portion  of  the  results  diagnostics 
of  relative  angular  momentum  transport  in  lsobaric  and  lsentroplc  coordinates 
are  contrasted  and  the  forcing  of  mean  meridional  circulations  is  briefly  dis¬ 
cussed. 

2.  Data  processing 

a*  lsobaric  and  lsentroplc  data 

The  data  set  used  in  this  study  is  the  FGGE  Level  Ilia  data  set  gen¬ 
erated  by  the  United  States  National  Meteorological  Center  (NMC)  and  obtained 
through  the  National  Center  for  Atmospheric  Research*  The  characteristics  of 
the  Level  Ilia  data  set  and  NMC' a  optimum  Interpolation  global  data  assimi¬ 
lation  system  are  fully  described  by  NMC's  Staff  Atmospheric  Analysis  trench 
<1979),  Fleming  et  al.  (1979a  and  1979b),  Bergman  (1979),  and  McPherson  at  el* 


The  iaobaric  data  coaalats  of  twice  dally  global  analysis  flslds  for 
the  12  mandatory  pressure  levels  from  1000  mb  to  50  mb  on  a  2.5* 
latitude/longitude  grid  covering  the  period  December  1978  through  November 
1979.  Parameters  extracted  directly  from  the  Level  IXZa  analysea  Include 
sonal  (u)  and  meridional  (v)  wind  components,  temperature  (T),  geopotential 
height  (a),  and  surface  pressure. 

Global  lsentroplc  fields  are  generated  from  the  lpobarlc  analysea  by 
a  vertical  Interpolation  under  the  assumption  of  a  linear  variation  of  the 
pressure  (p)  and  other  parameters  with  ®1/*  (8  is  potential  temperature  and 

k  la  the  gas  constant  for  dry  air  (Rg)  divided  by  the  specific  heat  at  con¬ 
stant  pressure  (Cp>).  Grldded  fields  of  pressure,  the  horlsontal  wind  compo¬ 
nents  and  the  Montgomery  stream  function  (t||)  are  produced  at  16  lsentroplc 
levels  with  10  K  vertical  resolution.  The  vertical  extent  of  the  lsentroplc 
data  may  vary  from  Northern  to  Southern  Bemlspheres  and  month  to  month  since 
the  data  Is  processed  by  hemisphere  and  the  16  levels  analysed  depend  expli¬ 
citly  on  the  minimum  surface  potential  temperature  observed  during  the  month. 
The  minimum  vertical  extent  of  the  lsentroplc  analyses  for  any  given  observa¬ 
tion  time  is  370  K.  Thus  soma  figures  may  show  nothing  above  370  K  for  a 
given  hemisphere  because  of  this  limitation. 

The  generalised  transport  equation  for  any  property  per  unit  mass  f 
(Johnson  and  Downey,  1975a)  la  expressed  by 

~  <pJ„f)  +  V<P«*n£*>  +  S  <***  £  f>  *  £  «> 

h 

•here  p  is  the  density,  J„  is  the  Jacobian  *s/9n  of  transformation  from  the 
vertical  coordinate  i  ton  •  cad  0  is  the  horlsontal  velocity.  The  quantity 

one 
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pJqf  is  the  property  within  an  Incremental  volume  element  AA  An  while  the  sub¬ 
stantial  derivative  dn/dt  in  combination  with  pJnf  defines  the  vertical  flux 
through  quasi-horisontal  surfaces  of  constant  n  •  This  fora  of  the  transport 
equation  depends  on  the  use  of  the  meteorological  convention  of  projection  of 
fields  from  quasl-spherlcal  surfaces  of  constant  n  onto  their  counterpart 
spherical  surfaces  of  constant  s. 

The  zonal ly-ave raged  transport  equation  is 


3  I  19  £  dn 

- —  (Pp)  + - -  ('pJnvfx  cos  ♦)  +  —  (pJn  — »  f  ) 

3t^  n  a  cos  q  3A  n  dn  n  dt 


where  a  is  the  earth's  radius  and  the  zonal  average  operator  and  its  deviation 
are  defined  for  any  quantity  g  by 
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This  form  of  the  zonally-ave raged  transport  equation  for  the  circumpolar  vor¬ 
tex  provides  a  basic  definition  of  the  balance  of  a  property  within  the  dosed 
differential  tube  of  cross-sectional  area  A+  An  that  extends  sonally  along 
constant  latitude  as  suggested  by  Figure  1*  The  balance  in  (2)  is  between  the 
tendency  of  the  property  within  the  zonal  tube,  the  net  meridional  and  verti¬ 
cal  transport  of  the  property  through  the  surfaces  of  the  differential  tube, 
and  the  sources  and  sinks  ill  thin. 


The  zonal  mass-weighted  average ,  the  only  operator  which  properly 
defines  the  mean  property  of  the  zonal  tube,  and  Its  deviation  are 


<f>x  - 


(4) 


f*X  .  f  _  <f>A 


With  the  hydrostatic  assumption  zonally-averaged  mass  Is  given  by 


pJn  -  -  -  7- 


1  ip 
g  ir\ 


(5) 


where  g  Is  gravity. 

Note  that  in  hydrostatic  laobarlc  coordinates  with  pJp  constant  (1/g)  the 
zonal  mass-weighted  average  reduces  to  the  conventional  zonal  isobaric 

average 


<f>X  -  fX  (6) 

Thus  the  averaging  operator  in  (4)  is  applicable  to  both  coordinate  systems^ 
Similarly,  to  properly  account  for  the  tendency  of  pJ„  and  f,  the 
time  mass-weighted  averege  of  f  and  Its  deviation  are  defined  by 


<f>t 


(7) 


f*‘  -  f  -  <f>t 


f 


where  the  time  average  of  g  over  the  period  T  and  its  deviation  are 


1  ? 

r  /  * dt 

T  0 


(8) 


Again  <g>*  reduces  to  g*  in  hydrostatic  isobarlc  coordinates. 

A  tine  and  zonal  nass-weighted  average  of  f  through  the  combination 
of  (4)  and  (7)  is  defined  by 


<f>x»t 


3  x* 

pjn<f> 

p3nx,t 


(9) 


With  mass  symmetry  of  isobarlc  coordinates,  (9)  reduces  to  the  familiar  time 
and  apace  average,  . 


3.  The  mass  balance 

a*  Iaobarlc  mass  circulations 

The  mean  mass  circulations  will  be  presented  through  the  use  of  a 
mess  stream  function  (e.g.,  Oort  and  Rasmusson,  1970).  The  isobarlc  mass 
stream  function  is  computed  from  by 

♦p(4,P>  •  **  f  w***  dp  OO) 

*  Psfc 

where  f  la  latitude,  a  is  the  earth's  radius,  and  p*fc  Is  surface  pressure* 


J 


M  mmhi  -flow  u  auoaes  wiow  - 

ttm  the  earth’s  surface  to  50  ah.  la  general  this  adjustment  i*  equivalent 
to  *  correction  of  less  than  0*25  a  a"1  to  v***  at  each  level  for  ear  ***** 
letitnde  and  aenth. 

The  isobaric  aass  circulation  for  January  1029  in  Figure  s  beel- 
oaiiy  consistent  with  the  results  of  previous  investigations  <0ort  ’• 
tssainsrmx  1970)*  The  strong  Northern  Heaisphere  Hadley  cell  art*  >  ***  ■ 

30*»  to  15*8  is  the  doainant  feature.  Although  not  evident  in  the  figure,  she 
of  v*»*  for  the  upper  and  loner  branches  of  this  Hadley 
are  1.4  a  s"1  sad  -1.2  a  a”*,  respectively.  A  neaher  Southern  Haaisphete 
todlay  cell  is  located  between  15*S  and  30*8.  Indirect  Ferrel  cells  occur  la 
the  aid-latitudes  of  both  heslspheres.  The  equatorward  and  poleward  branches 
af  the  Northern  Heaisphere  Ferrel  circulation  attain  velocities  of  -8.7  a  s“l 
sad  8.8  a  s*1,  respectively,  while  the  corresponding  values  for  the  Ferrm 
coU  in  the  southern  Heaisphere  ere  slightly  less.  A  direct  cell  in  ****** 
4..^.  matt  Mil-defined,  suggests  a  three  cell  structure. 


HH 
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I 

The  seasonal  and  hemispheric  variation  of  the  mass  circulation 
reflects  the  variation  of  the  zonally-averaged  meridional  motion  (not  shown  in 
the  figures)*  The  maximum  absolute  values  for  the  upper  branch  of  the  Radley 
cells  range  from  1.0  m  s“*  in  April  and  October  to  1.8  m  s~l  in  July  while  in 
the  lower  branch  v*»*  reaches  a  maximum  of  2.2  m  s-*  in  July.  The  mean 
meridional  ye loclties  of  the  upper  and  lower  branches  of  the  Ferrel  circula¬ 
tions  are  between  -1.0  and  1.0  m  s"*  in  all  months.  In  the  lower  branch  of 
the  Southern  Hemisphere  Ferrel  cell  the  maximum  of  the  poleward  motion  ranges 
from  -0.5  m  s“*  in  October  to  near  -0.9  m  s“*  in  April  and  July.  In  the  upper 
branch  the  maximum  values  are  consistently  near  0.5  m  s”*  except  in  April  when 
its  value  drops  to  0.3  m  a-*.  In  the  mid  latitudes  of  the  Northern  Hemisphere 
the  maximum  of  the  zonally-averaged  meridional  motion  in  the  poleward  branch 
of  the  lower  levels  varies  from  0.4  m  s“*  in  July  and  October  to  0.8  m  s'"*  in 
January ,  while  in  the  higher  levels  the  largest  values  of  the  eqimtorward 
motion  are  near  -0.3  m  e-*  in  all  months  except  January  when  its  value  reaches 
-0.7  m  s”l. 


b.  Isentroplc  mass  circulations 

Within  isentroplc  coordinates  the  hydrostatic  mass  distribution 
pjgX,t  i8  determined  by  the  zonally-averaged  pressure  difference  between  two 
isentroplc  surfaces.  Figure  6  shows  the  meridional  distribution  of  and 

p* **■  for  January  and  July.  Most  of  the  tropospheric  mass  is  confined  between 
290  K  and  360  K  in  tropical  latitudes  and  between  260  K  and  320  K  in  the  mid¬ 
latitudes  of  the  winter  hemisphere.  The  convention  that  pressure  on  under¬ 
ground  lsentropes  equals  the  surface  pressure,  used  in  the  specification  of 
the  ness  distribution,  results  in  decreasing  values  of  pjg^>t  in  the  lower 
isentroplc  layers.  Such  a  decrease  is  not  necessarily  an  indication  of  a 


9 


change  In  stability  within  the  free  atmosphere  but  reflects  within  the 
xonally-ave raged  distribution  the  napping  of  longitudinal  segments  of  the  mass 
within  cold  polar  air  masses  in  conjunction  with  the  longitudinal  segments  of 
sero  mass  where  lsentropes  are  contiguous  with  the  earth’s  surface  in  warn 
sectors  of  cyclone  waves.  The  field  of  p^i£  is  shown  to  aid  in  relating  mean 
leant roplc  and  lsobarlc  structures. 

With  (5)  and  (9)  the  mean  meridional  motion  in  quasl-spherical 
isentroplc  coordinates 

X,t  pJe 

<v>  -  ^  (11) 

pJex»fc 


is  expressed  by 


<v> 


X.t 


3p 

—  v 

ae 


3p 

ae 


x.t 


<12) 


The  mean  geostrophlc  and  ageostrophlc  components  of  the  meridional  motion  are 


X.t  X .  t  X .  t 

<v>  “  <vg>  +  <vag> 


(13) 


Since  Vg*  is  Identically  sero.  the  mass-weighted,  zonally-averagad  geos tro¬ 
phic  component 


as 


ae 


(14) 
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exists  In  lsentropic  coordinates  through  the  covariance  of  the  mass  (an 
Inverse  static  stability  measure)  and  the  meridional  geostrophlc  notion*  The 
lsobarlc  counterpart  to  this  node  Is  Identically  sero* 

Some  physical  Insight  Into  mean  meridional  notion  within  the  lsen- 
tropic  structure  is  provided  by  Johnson  (1979)  through  contrasting  the  struc- 
ture  of  steady  and  amplifying  mid-latitude  barodinlc  waves. 

In  the  schenatlc  of  the  horizontal  distribution  of  geopotential  and 
potential  temperature  of  the  steady  barodinlc  wave  (Figure  7a),  the  geopoten- 
tlal  and  tenperature  waves  are  assumed  to  be  In  phase.  Within  the  zonal  ver¬ 
tical  cross-section  of  a  layer  extending  from  a  lower  lsentropic  surface  0g  to 
an  upper  lsentropic  surface  0U,  a  midvalue  lsentropic  surface  0a  (e.g. , 

0a  -  290  K)  divides  the  hypothetical  atmosphere  into  two  regions.  In  the 
cross-section,  the  dotted  vertical  lines  designate  trough  and  ridge  positions 
that  separate  regions  of  poleward  and  equatorward  geostrophlc  notion. 

With  a  vertical  scale  linear  In  pressure,  the  relative  position  of 
the  lsentrope  shows  the  greater  a ass  (g~i  (3p/30)  d0)  in  the  layer  between  8g 
and  6m  to  be  positioned  in  the  trough  and  lesser  mass  to  be  located  In  the 
ridge.  The  reverse  mass  distribution  occcurs  In  the  layer  above  0a.  With  the 
in-phase  relation  of  the  potential  tenperature  and  geopotential  fields,  the 
lsentropic  aass  transport  pJgv  is  syaaetrlc  about  the  trough  line  within  each 
layer.  The  poleward  mass  transport  by  the  geostrophlc  mode  forward  of  the 
trough  is  exactly  balanced  by  equatorward  transport  to  the  rear  of  the  trough. 
Thus  the  mean  aerldional  geostrophlc  aass  transport  vanishes  within  each 
layer. 

In  the  traditional  aodel  (Chamey,  1947;  Rady,  1949)  of  an  amplifying 
barocllnlc  wave  (Figure  8a),  the  potential  temperature  wave  is  assumed  to  U* 
the  geopotential  wave  by  a  phase  angle  90*.  In  the  zonal  cross-section,  this 


lag  of  potential  temperature  Introduces  a  westward  tilt  of  the  baroclinic 
wave.  A  systematic  structure  results  which  provides  for  poleward  geostrophic 
■ass  transport  above  290  K  and  an  equatorward  mass  transport  below  290  K. 
Poleward  motion  ahead  of  the  trough  and  above  290  K  Is  located  within  a  deeper 
layer  of  mass  than  in  the  rear  of  the  trough  with  its  equatorward  motion. 
Beneath  290  K  the  reverse  occurs  with  more  mass  moving  equatorward  In  the  rear 
of  the  trough  than  ahead  of  the  trough.  Consequently,  the  mean  geostrophic 
■ass  transport  of  active  baroclinic  waves  within  this  two-layered  structure  is 
poleward  above  290  K  and  equatorward  below  290  R.  Thus  the  components  of  geo¬ 
strophic  mass  transport  provide  a  degree  of  freedom  for  poleward  and  equator- 
ward  branches  of  a  meridional  circulation  in  the  lsentropic  zonally-averaged 
structure  that  do  not  exist  within  the  isobarlc  structure.  Some  aspects  of 
the  degrees  of  freedom  for  the  mean  mass  transport  within  azlmuthally-averaged 
motion  of  vortices  are  discussed  by  Johnson  and  Downey  (1975  a  and  b).  In 
this  application  to  the  circumpolar  vortex,  azimuthal  averaging  corresponds  to 
zonal  averaging  and  divergent  and  non-dlvergent  modes  correspond  to  ageo- 
strophic  and  geostrophic  modes,  respectively,  since  the  coriolls  parameter  is 
independent  of  longitude. 

The  lsentropic  mass  stream  function  as  a  function  of  0  and  0  is 
defined  by 


0  __ 

06  <4,0)  •  2va  coo  0  /  pJg**6  <v>*»*  d6  ,  (15) 

®B 


where  0g  Is  the  minimum  lsentropic  level  of  the  time  averaging  period.  Aa  in 
laobarlc  coordinates  the  lsentropic  mass  circulations  are  balanced  so  that 
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to (4*6  )  !•  *«ro  for  any  +  and  6  equal  to  the  top  level  of  the  laentropie 
T  T 

data.  This  adjustment  equates  to  corrections  In  <v>*»*  similar  In  magnitude 
to  that  of  v*»fc  discussed  previously. 

The  lsentroplc  mean  meridional  circulation  In  January  (Fig.  2) 
reveals  a  large  Hadley-type  circulation  extending  throughout  the  entire 
Northern  Hemisphere  to  15°S.  The  vertical  branches  forced  by  planetary  scale 
heat  sources  and  sinks  show  mean  upward  diabatic  mass  transport  In  tropical 
latitudes  and  downward  mass  transport  in  polar  latitudes.  The  poleward  branch 
linking  tropical  and  polar  latitudes  within  this  mass  circulation  is  located 
primarily  between  the  310  K  and  360  K  surfaces  In  low  latitudes  with  the  maxi¬ 
mum  meridional  motion  (<v>^ »t)  being  slightly  greater  than  1.0  m  s~l  near 
350  K  In  the  0a-5°N  region.  In  higher  latitudes  this  branch  Is  located  within 
the  290  K  to  320  K  lsentroplc  layer  where  <v>^»t  reaches  a  value  of  1.2  m  s~l. 
The  equatorward  branch  of  the  Hadley-type  circulation  extends  from  Northern 
Hemisphere  polar  latitudes  to  the  tropical  regions  of  the  Southern  Hemisphere 
and  lies  beneath  the  poleward  branch.  This  branch  is  displaced  upward  to 
higher  lsentroplc  layers  In  lower  latitudes  due  In  part  to  energy  sources 
through  sensible  heat  transfer  from  the  ocean  to  the  atmosphere.  Implicit  In 
the  tilt  of  the  quasl-horlsontal  branches  of  these  mass  circulations  Is  some 
thermal  forcing  of  the  upward  and  downward  mass  transport  occurring  during 
meridional  exchange. 

The  geostrophlc  mass  stream  function  confuted  by  substituting  <Vg>*»* 
for  <v>*»*  In  (15)  Is  shown  poleward  of  10*  In  each  hemisphere  la  each  of  the 
figures.  The  mean  mode  of  geostrophlc  mass  transport  Is  confined  primarily  to 
extratroplcal  latitudes  and  Is  embedded  within  the  structure  of  beroellaic 
waves.  Figure  2  shows  a  strong,  direct  geostrophlc  ness  circulation  la  the 
Northern  Hemisphere  winter  while  the  geostrophlc  circulation  of  the  Southern 
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Hemisphere  is  much  weaker*  Typical  values  of  <vg>*»*  range  from  1*5  to 
1*8  a  s“l  in  the  poleward  branch  of  the  northern  circulation*  The  forcing  of 
the  geoatrophlc  node  of  poleward  and  equatorward  aeridional  aasa  transport 
occurs  primarily  through  respective  negative  and  positive  pressure  torques 
(Johnson  and  Downey,  1975b;  Galliaore  and  Johnson,  1977),  within  upper  and 
loser  branches  of  the  mass  circulation  in  aid-latitudes. 

The  ageostrophlc  component  of  the  lsentroplc  mass  circulations  in 
Figure  2,  computed  with  <vag>^  »t  in  (15),  reveals  a  direct  Hadley  circulation 
in  low  latitudes  and  an  indirect  Ferrel  circulation  in  mid-latitudes*  A 
comparison  of  the  ageostrophlc  mass  circulations  in  lsobarlc  (in  lsobarlc 
coordinates  v*»*  is  Identical  with  vag^ »*•)  and  lsentroplc  coordinates  shows 
the  remarkable  similarity  in  both  the  position  and  intensity  for  each  of  the 
Hadley  and  Ferrel  cells.  The  mean  ageostrophlc  meridional  velocities  in  the 
upper  and  lower  branches  of  the  low  latitude  Hadley  cell  are  1.3  m  s~*  and 
-1.3  m  a"1,  respectively,  which  are  close  to  the  corresponding  lsobarlc  values 
of  v^*t  (1.4  m  s~l  and  -1.2  m  s-1)  presented  earlier.  The  respective  maximum 
values  of  <vag>* » 1  in  the  equatorward  and  poleward  branches  of  the  Northern 
Hemisphere  lsentroplc  Ferrel  circulations  are  -0.7  m  s'*1  and  0.9  m  ■“*.  These 
values  also  compare  favorably  with  those  given  for  the  corresponding  lsobarlc 
Ferrel  circulation  (-0.7  m  s”1  and  0.8  m  s'1).  Comparison  of  the  mean 
ageostrophlc  aeridional  velocities  in  lsentroplc  and  lsobarlc  coordinates 
yields  similar  results  for  the  Southern  Hemisphere  Ferrel  cell. 

The  seasonal  variation  of  the  lsentroplc  mass  circulations  is  evident 
In  Figures  2,  3,  4  and  5.  In  April  and  October  the  lsentroplc  Hadley-type 
circulations  span  both  the  Northern  and  Southern  Hemispheres.  The  geoetrophic 
mode  dominates  in  extratroplcal  latitudes.  In  July  the  strong  Hadley-type 
circulation  that  extends  from  the  high  southern  latitudes  to  near  20*1  is  in 
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part  associated  with  the  Asiatic  summer  monsoon.  Its  Northern  Heaisphara 
counterpart  in  July  is  weak*  During  all  months  the  isentropic  ageos trophic 
circulations  display  patterns  similar  to  the  isobarlc  low-latitude  Hadley  and 
mid-latitude  Ferrel  circulations*  The  similarity  of  isentropic  and  isobarlc 
ageostrophlc  mass  circulations  in  atmospheric  domains  with  mass  structures 
that  tend  to  be  symmetric  about  the  axis  of  rotation  is  to  be  expected  from 
the  analysis  of  Johnson  and  Downey  (1975)  since  the  geostrophlc  mode  of  mass 
transport  would  tend  to  vanish*  Such  is  the  case  in  tropical  latitudes.  The 
similarity  of  the  ageostrophlc  modes  in  domains  with  longitudinal  variations 
of  mass  could  not  be  Isolated  in  the  earlier  analysis  since  in  isentropic 
coordinates  a  degree  of  freedom  exists  for  differences  associated  with  the 
statistic  (p Jq )"vag'A  .  Ibis  statistic  vanishes  if  the  zonal  variations  of 
mass  and  ageostrophlc  meridional  motion  are  not  correlated.  Although  this  has 
not  been  ascertained  in  the  preliminary  analyses,  the  remarkable  similarity  of 
the  isobarlc  and  Isentropic  mean  meridional  ageostrophlc  motion  suggests  that 
the  covariance  is  minimal.  Given  the  relatively  large  value  of  mean  ageo¬ 
strophlc  meridional  motion  in  comparison  with  the  mean  geostrophlc  motion 
In  isentropic  coordinates,  it  is  not  readily  apparent  that  the  Ferrel  circu¬ 
lation  can  be  viewed  as  a  secondary  circulation  within  the  zonally-averaged 
structure* 

4*  Meridional  distribution  of  dlabatic  heating 

The  poleward  and  equatorward  branches  of  the  Isentropic  mean  Hadley- 
type  meridional  circulations  link  vertical  branchas  associated  with  planetary 
scale  heat  sources  and  sinks*  Implicit  In  these  mass  circulations  Is  the 
thermal  forcing  of  upward  and  downward  mass  transport  through  atmospheric 
stratification  by  differential  dlabatic  heating.  Through  the  continuity  re la- 
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tionshlp  the  Meridional  and  vertical  distribution  of  the  Mean  diabetic  heating 
can  be  determined  Indirectly  from  the  meridional  mass  transport. 

Diabetic  heating  is  computed  in  the  coordinate  system  (X,  a  sin  +*  9) 
in  order  to  express  the  zonally-integrated  structure  by  equal  incremental  vol¬ 
umes  and  equalise  the  uncertainty*  Thus  the  Inferred  heating  rates  become 
mess-weighted*  time  and  sonal  averages  representing  equal  areal  Increments  of 
the  atmosphere.  For  simplicity  these  values  are  referred  to  as  xonally- 
averaged  dlabatic  heating. 

Mass-weighted*  zonally-averaged  distributions  of  total  dlabatic 
heating  for  four  months  of  FGGE  are  shown  in  Figure  9.  In  January  the  heating 
maximum  that  is  undoubtedly  associated  with  the  moist  convection  of  the 
Intertropical  Convergence  Zone  (ITCZ)  is  captured  quite  nicely  near  15*S  with 
values  of  near  1.0  K  day***  at  330  K.  An  Important  secondary  heat  source 
appears  in  middle  latitudes  in  association  with  sensible  and  latent  energy 
added  within  mid-latitude  cyclonic  circulations.  The  heating  of  near 
2.0  K  day”1  that  occurs  in  the  lowest  isentroplc  layers  is  in  all  probability 
associated  with  the  strong  sensible  heat  transfer  from  the  ocean  to  the  atmos¬ 
phere  eastward  of  the  Aslan  and  North  American  continents.  Downward  mass 
transport  of  the  higher  latitudes  and  the  higher  layers  is  associated  with  the 
excess  of  loss  of  energy  through  emission  of  long  wave  radiation  over  other 
processes  of  heat  addition.  The  cooling  in  polar  regions  exceeds  -1.0  K  day”1 
in  the  northern  polar  region. 

Seasonal  variations  in  the  location  and  strength  of  the  large  scale 
heat  sources  end  sinks  are  evident  from  the  profiles  in  Figure  9.  Heating  of 
the  tropics  and  the  lower  layers  of  the  northern  aid-latitudes  persists  in 
April  end  October.  Consistent  with  the  Intense  mass  circulation  of  July  is 
the  strong  net  diabetic  heating  in  the  Northern  Hemisphere  tropics  end  net 
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cooling  la  the  Southern  Hemisphere  tropics.  With  the  latent  heating  of  the 
ITCZ,  particularly  the  summer  Asian  Monsoon  In  the  Northern  Hemisphere* 
tonally-averaged  heating  of  over  1.0  K  day*’1  occurs  throughout  a  deep  layer 
from  310  K  to  330  K  near  10*N.  The  tropical  region  of  tha  Southern  Hemisphere 
is  dominated  by  diabetic  cooling  which  must  be  attributable  to  strong  Infrared 
radiation  emission  and  also  possibly  evaporative  processes  associated  with  the 
extensive  clouds  that  are  advected  from  adjacent  regions  of  the  deep  convec¬ 
tion  associated  with  the  monsoon.  Loss  of  energy  through  infrared  radiation 

i 

I 

is  maximized  in  these  regions  through  the  combination  of  a  dry  troposphere 
overlying  a  warm*  moist  and  partially  cloudy  lower  atmosphere  beneath  the 
trade  wind  Inversion. 

Meridional  profiles  of  vertically  and  zonally-averaged  total  dlabatlc 
heating  are  presented  in  Figure  10.  The  vertical  averages  in  Figure  10  are 
mass-weighted  and  take  Into  account  heating  or  cooling  over  a  variable  depth 
of  the  atmosphere  determined  by  the  lsentroplc  mass  distribution  (e.g. * 

Fig.  6).  These  profiles  primarily  reflect  the  latitudinal  distribution  of  the 
dominant  features  and  physical  processes  emphasised  in  the  preceding  discus¬ 
sion.  As  expected  the  maximum  of  heating  in  tropical  latitudes  shifts 
seasonally  and  is  largest  in  the  Northern  Hemisphere  tropics  of  its  summer 
season.  The  heating  maximum  in  mid-latitudes  is  most  pronounced  and  organised 
in  January  and  April.  During  July  and  October  mid-latitude  heating  is  com¬ 
posed  of  two  relatively  smaller  but  distinct  maximums.  Such  features  are  much 
less  pronounced  in  the  Southern  Hemisphere  mid-latitudes  due  in  part  to  tha 
lade  of  a  continent-ocean  contrast  within  the  westerlies  that  provides  for  tha 
oceanic  latent  and  sensible  energy  supply  through  frequent* cold  outbreaks  over 
relatively  warm  oceans. 
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Angular  momentum  balance 


a*  laobarlc  coordinates 


The  zonal  wind  profiles  »c  and  the  averaged  aeridlonal  transport  of 
relative  angular  noaentun  during  FGGS  are  also  siailar  to  previous  results 
(Lorenz,  1967;  Oort  and  Rasmusson,  1970;  and  others)*  The  tins  and  sonally- 
averaged  u-coaponent  for  January  and  July  is  presented  in  Figure  11*  In  Janu- 
ary  strong  westerlies  dominate  both  heaiapheres  with  weak  tropical  easterlies 
in  the  lower  troposphere*  In  July  the  Southern  Heal sphere  westerlies  are 
stronger  and  display  two  maxima:  one  at  30*S  near  200  mb  and  the  other  near 
60*S  above  100  mb*  Easterly  winds  dominate  the  tropical  latitudes  While  the 
westerlies  in  northern  latitudes  are  eubstentlally  weeker  in  July* 

The  transport  of  relative  angular  momentum  across  a  latitude  A 
Is  given  by 


2*  a2  cos2  A  P<j 

Fp(A)  “  -  — -  /  uv*»e  dp  •  (16) 

*  Psfc 


The  transport  In  (16)  Is  also  partitioned  into  the  three  components 

- X  - l,t 

uv**c  •  u*»*  v*»*  +  u***  v*-*  +  u‘’t  ,  (17) 

representing  the  transport  by  the  naan  meridional  circulation,  standing 

eddies,  and  transient  circulations,  respectively*  figures  12  and  13  display 

♦ 

the  vertical  and  meridional  distribution  of  relative  angular  momentum  trass- 
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port  for  January  and  July.  Vertically-Integrated  profile*  of  laobarlc  angular 
aoaentua  transport  are  shown  In  Figure  14. 

In  laobarlc  coordinates  the  transient  component  is  the  dominant  node 
of  angular  momentum  transport  in  January.  It  is  poleward  at  virtually  all 
latitudes  in  each  healsphere.  The  standing  eddy  transport  is  significant  in 
northern  subtropical  and  aiddle  latitudes  while  the  aean  meridional  transport 
by  the  Hadley  cell  is  laportant  in  low  latitudes  only.  Angular  aoaentua 
transport  in  July  reveals  a  similar  picture.  Poleward  transport  by  transient 
and  aean  asrldlonal  circulations  dominates  the  aiddle  and  low  latitudes, 
respectively,  of  the  Southern  Healsphere.  The  lack  of  a  land-ocean  contrast 
in  the  extratroplcal  latitudes  of  the  Southern  Hemisphere  appears  to  restrict 
transport  by  the  standing  eddies  to  a  relatively  minor  role. 

b.  Isentroplc  coordinates 

In  contrasting  the  results  froa  isobaric  and  isentroplc  analyses,  it 
is  laportant  to  realise  that  the  vertically-integrated  transport  of  an  atnos- 
pherlc  property  across  a  latitudinal  boundary  of  the  circuapolar  vortex  must 
reaaln  invariant  with  respect  to  different  coordinate  systems.  However,  the 
aean  and  eddy  traneport  nodes  within  a  vortex  with  sonal  asymmetries  are  coor¬ 
dinate  dependent  (Johnson  and  Downey,  1975a).  Conceptually,  an  isentroplc  aean 
asrldlonal  circulation  spanning  the  healsphere  could  provide  the  required 
poleward  angular  aoaentua  transport.  Before  addressing  this  point,  it  is 
interesting  to  contrast  the  sonally-averaged  velocity  and  aoaentua  structures 
of  Isobaric  and  isentroplc  coordinates. 

The  isentroplc  structure  of  the  average  sonal  wind  <u>*»*  for  January 
and  July  are  presented  in  part  of  Figure  15.  Its  structure  is  similar  to  its 
isobaric  counterpart  in  Figure  11.  The  coaparlson  is  Halted  only  by  the 
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vertical  extent  of  the  lsentroplc  data.  The  iaentropic  structure  of  the 
sonally-averaged  momentum  component  (pjQu^»t  or  p Jqa »c  <u>*»t)  shown  in  part 
of  Figure  15  presents  an  Interesting  contrast  with  the  average  zonal  wind. 
Distinct  momentum  cores  appear  In  the  lsentroplc  structure  for  January  and 
July.  This  latter  momentum  distribution  (p Jg^  <u>^»t)  reflects  the  larger 

mass  located  In  the  middle  lsentroplc  layers  and  lesser  mass  In  lower  and 
higher  lsentroplc  layers. 

In  lsentroplc  coordinates  the  vertically-integrated  transport  of 
relative  angular  momentum  across  a  latitude  4  Is  expressed  by 

8y  _ 

Vg(p)  •  2s  a2  cos2  9  /  pJg*»fc  <uv>*»*  d8  (18) 

el 

sad  s«euu  In  Figure  14  for  comparison  with  the  lsobarlc  results. 

Similar  to  (17)  the  transport  In  (18)  partitioned  Into 

*  *  *  A 

<mv>*»t  -  <■»>*•*  <v>*»«  +  «u>*  *  <v>*  *>*  +  <u  t  v  (19) 

represents  transport  by  mean  meridional,  standing  eddy,  and  transient  circu¬ 
lations.  The  vertical  and  meridional  distribution  of  relative  angular 
momentum  transport  by  the  three  conponents  Is  given  for  January  and  July  In 
Figures  16  snd  17. 

The  vertically-integrated  total  transport  of  relative  angular  momen¬ 
tum  for  January  In  Figure  14  Is  virtually  Identical  In  lsentroplc  and  lsobarlc 
coordinates.  In  addition  vertically-integrated  transport  by  the  standing 
eddies  is  nearly  the  same  In  both  coordinate  systens.  Mean  angular  momentum 
transport  by  the  lsentroplc,  hemispheric  Radley-type  circulation  is  poleward 
at  all  northern  latitudes,  while  the  mean  poleward  transport  Is  confined  to 
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diabatlc  heating,  i.e. ,  a  thermally-forced  component.  This  thermally-forced 
component  of  angular  momentum  transport,  isolated  through  the  use  of  isen- 
tropic  diagnostics,  is  apparently  linked  to  the  transient  component  of  angular 
momentum  transport  in  isobarlc  coordinates  within  the  phenomena  of  active 
baroclinlc  waves. 

Johnson  and  Downey  (1975a)  emphasize  that  statistical  partitioning  of 
transport  processes  in  isobarlc  and  lsentroplc  coordinates  may  yield  different 
results  for  the  component  modes  of  transport  due  to  inherent  symmetric  or 
asymmetric  structures  of  the  mass  distribution  Within  the  respective  coordi¬ 
nate  systems.  The  differences  in  the  statistics  presented  in  these  results 
substantiate  that  mean  and  eddy  transport  modes  are  coordinate  dependent. 

These  differences  do  not  stem  from  a  non-uniqueness  of  atmospheric  structure 
but  emerge  from  a  non-uniqueness  of  statistics  computed  in  different  coordi¬ 
nate  systems,  i.e.,  the  mean  and  deviation  of  physical  variables  and  processes 
are  determined  from  integration* over  portions  of  the  atmosphere  in  one  coordi¬ 
nate  system  which  are  not  identical  with  the  counterpart  in  the  zonally- 
averaged  structure  of  another  coordinate  system. 

6.  Forcing  of  mean  meridional  circulations 

The  forcing  of  mean  meridional  circulations  within  the  circumpolar 
vortex  has  been  Isolated  through  the  application  of  Bllassen's  perspective. 
Bllasaen  (1951)  shows  that  in  a  hydrodynamlcally  stable  vortex  a  heat  source 
(sink)  forces  motion  upward  (downward)  through  lsentroplc  stratification  along 
a  surface  of  constant  absolute  angular  momentum  toward  lower  (higher)  pressure 
and  a  source  (sink)  of  angular  momentum  or  a  positive  (negative)  torque  forces 
motion  along  an  lsentroplc  surface  away  from  (towards)  the  axis  of  rotation. 


Kuo  (1956)  demonstrated  that  the  existence  of  the  Hadley  and  Ferrel  circula¬ 
tions  in  isobarlc  coordinates  can  be  explained  only  by  considering  the  conver¬ 
gence  (divergence)  of  the  large-scale  eddy  transport  of  sensible  heat  and 
angular  momentum  as  sources  (sinks)  of  heat  and  angular  momentum,  respec¬ 
tively. 

The  results  of  a  mean,  Hadley-type  meridional  circulation  in  isentro- 
pic  coordinates  elucidates  the  dominance  of  a  mean  geostrophlc  mode  of  mass 
transport  In  mid-latitudes  and  an  ageostrophic  mode  In  low  latitudes.  The 
mean  geostrophlc  circulation  is  explicitlv  related  to  pressure  torques.  Pole- 
ward  geostrophlc  mass  transport  within  a  vortex  occurs  In  conjunction  with 
negative  pressure  torques,  while  equatorward  geostrophlc  mass  transport  occurs 
with  positive  pressure  torques.  Over  a  uniform  earth  surface  the  sum  of  the 
negative  torques  must  be  equal  and  opposite  to  the  sum  of  the  positive  pres¬ 
sure  torques.  At  the  same  time  angular  momentum  is  transferred  from  the 
branch  of  a  circulation  with  poleward  geostrophlc  motion  to  the  branch  with 
equatorward  geostrophlc  motion  through  the  lsentroplc  stratification  by  the 
action  of  pressure  torques  and  pressure  stresses  (Johnson  and  Downey,  1975b; 
Johnson,  1980).  Within  the  asymmetric  wave  regime  of  extratropical  latitudes 
the  mass-weighted  zonally-averaged  pressure  gradient  force  yields  a  net  nega¬ 
tive  torque  in  the  upper  lsentroplc  layers  and  a  net  positive  torque  in  lower 
layers.  In  mid-latitudes  the  upper  poleward  branch  of  the  mean  meridional 
circulation  is  forced  by  this  negative  pressure  torque  while  the  equatorward  ' 
branch  of  lower  lsentroplc  layers  is  forced  by  the  dominance  of  a  positive 
pressure  torque  over  a  negative  friction  torque  (Gallimore  and  Johnson,  1977). 
In  low  latitudes  with  its  lack  of  geostrophy  a  positive  friction  torque  asso¬ 
ciated  with  the  low  level  easterlies  forces  equatorward  ageostrophic  motion  in 
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lower  layers  that  links  with  the  equatorward  geostrophlc  notion  of  aid- 
latitudes*  Divergence  of  the  eddy  transport  of  angular  momentum  acts  as  a 
negative  torque  in  the  upper  isentroplc  layers  of  the  subtropics  and  forces 
ageostrophic  poleward  motion  which  links  with  the  upper  geostrophlc  branch  of 
aid-latitudes* 

The  vertical  branches  of  the  isentroplc  mean  mass  circulation  are 
forced  explicitly  by  dlabatic  heating.  Emission  of  long  wave  radiation  in 
polar  regions  forces  downward  mass  transport  while  latent  energy  release  asso¬ 
ciated  with  moist  convection  forces  upward  mass  transport  in  tropical  regions. 
The  upward  vertical  branch  of  the  mid-latitude  mean  geostrophlc  circulation  is 
forced  by  sensible  heating  in  the  boundary  layer  and  latent  heat  release  asso¬ 
ciated  with  extratroplcal  cyclones.  In  isentroplc  coordinates  the  eddy  trans¬ 
port  of  heat  is  not  an  explicit  forcing  term  since  the  mass-weighted  zonally- 
averaged  transport  of  energy  (sensible  heat  plus  potential  energy)  In  mid- 
latitudes  is  accomplished  by  the  thermally-forced,  mean  meridional  circula¬ 
tion. 

7.  Summary 

A  diagnostic  study  of  the  mass,  angular  momentum,  and  energy  balance 
of  the  global  circulation  for  the  FGGE  year  has  been  initiated  using  the  Level 
Ilia  data  set  generated  by  NMC.  ho  attempt  was  made  to  assess  the  quality  or 
the  Impact  of  special  FGGE  data  with  respect  to  an  objective  analysis  scheme. 
Even  with  the  Increased  amount  of  real  time  data  available  during  FGGE,  the 
quantity  of  da -a  from  the  Southern  Hemisphere  is  probably  not  adequate  to 
resolve  the  circulation  features  of  the  southern  latitudes  to  a  degree  compa¬ 
rable  to  the  Northern  Hemisphere.  Until  the  Level  Illb  data  set  is  processed, 
the  Level  Ilia  fields  are  most  likely  the  best  global  analyses  available.  In 
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addition,  the  FGGE  Level  Ilia  data  aet  provides  a  common  base  for  a  diagnostic 
study  of  the  global  circulation  In  both  lsobarlc  and  Isentroplc  coordinates* 

The  preliminary  results  presented  In  this  paper  are  Halted  to  mass 
and  angular  momentum  transport  diagnostics  of  the  time  and  zonally-ave raged 

circulation  In  lsobarlc  and  isentroplc  coordinates.  A  more  extensive  analysis 

! 

of  the  complete  mass,  momentum  and  energy  balance  of  the  global  circulation  Is 
In  progress.  From  the  results  to  date  the  contrast  of  energy  (sensible  heat 
plus  potential  energy)  transport  confirms  the  Importance  of  both  mean  and  eddy 
transport  modes  In  lsobarlc  coordinates  while  revealing  that  the  mean  mode  of 
energy  transport  within  the  zonally-averaged  isentroplc  structure  Is  of  pri¬ 
mary  Importance. 

Recognizing  the  added  dimensions  for  views  of  the  balance  of  the  gen¬ 
eral  circulation  provided  by  a  time-averaged  circulation  mean  and  transient 
decomposition  of  transport  processes  (Blackmon  et  al. #  1977;  Lau,  1978;  Lau 
et  al. ,  1978),  time-averaged  lsobarlc  and  isentroplc  statistics  have  also  been 
computed  and  analyses  have  been  Initiated.  Preliminary  diagnostic  results  of 
three-dimensional,  time-averaged  mass  circulations  in  Isentroplc  coordinates 
are  presented  In  a  companion  paper  by  Johnson  and  Townsend  (1980).  Future 
work  will  focus  on  resolving  the  three-dimensional  structure  of  standing  and 
transient  modes  of  transport  within  the  Isentroplc  framework. 

Diagnostics  of  the  mass  and  angular  momentum  balance  of  the  time  and 
sonally-averaged  global  circulation  for  the  FGGE  year  support  the  current 
perspective  of  the  general  circulation  In  lsobarlc  coordinates.  The  lsobarlc 
mean  meridional  circulations  Include  low  latitude  Radley  and  aid-latitude 
Ferrel  circulations  forced  In  part  by* the  eddy  transport  of  heat  and  angular 
momentum.  The  required  poleward  transport  of  angular  momentum  is  provided 
primarily  by  a  mean  meridional  circulation  in  low  latitudes  and  transient  and 


standing  eddy  circulations  in  middle  latitudes.  These  diagnostics  reinforce 
the  perspective  that  active  barocllnlc  waves  are  the  dominant  tranaport  mech¬ 
anism  in  extratropical  latitudes  of  the  sonally-averaged  circulation. 

The  perspective  of  the  forcing  and  maintenance  of  the  sonally- 
averaged  circumpolar  vortex  evolving  within  an  isentroplc  framework  is  funda¬ 
mentally  different.  The  sonally-averaged  dlabatic  heating  distribution  calcu¬ 
lated  from  the  isentroplc  mean  meridional  circulation  reveals  realistic  sea¬ 
sonal  variations  In  the  strength  and  location  of  heat  sources  and  sinks  of  the 
sonally-averaged  atmosphere.  Isentroplc  mean  mass  circulations  explicitly 
link  planetary  scale  heat  sources  and  sinks  and  display  a  scale  of  atmospheric 
response  that  is  directly  determined  by  the  scale  of  thermodynamic  forcing. 

The  awan  geostrophlc  mode  of  mass  transport  occurring  within  the  wave  reglM 
is  a  component  of  the  response  to  large  scale  differential  heating.  Thus 
active  barocllnlc  waves  which  reveal  Man  geostrophlc  transport  of  mss  and 
energy  as  primary  transport  modes  become  a  phenomena  of  response  directly 
linked  with  differential  heating.  The  strength  of  the  isentroplc  mss 
circulation,  the  intensity  of  the  circumpolar  vortex,  and  the  degree  of 
differential  heating  are  all  explicitly  related  in  isentroplc  coordinates. 

The  diagnostic  results  of  angular  momentum  transport  in  isentroplc 
coordinates  show  that  transport  by  the  isentroplc  Man  Mrldlonal  circulation 
is  also  important  in  both  middle  and  low  latitudes  and  combines  with  standing 
eddy  and  transient  modes  to  provide  the  observed  balance.  Zonally-  and 
vertically-integrated  angular  moMntum  transport  profiles  suggest  that  angular 
amentum  transport  by  the  transient  mode  in  laobarlc  coordinates  in  middle 
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latitudes  is  linked  to  angular  moMntum  transport  by  both  therMlly-forced, 
mean  Mrldlonal  and  transient  modes  in  isentroplc  coordinates  within  the 
structure  of  amplifying  mid-latitude  barocllnlc  waves.  The  results  verify 
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that  the  role  of  mean  and  eddy  transport  modes  Is  coordinate  dependent. 

Within  the  lsentroplc  framework  the  relative  modes  of  transport  of  angular 
momentum  also  differ  between  Northern  and  Southern  Hemispheres.  The  isen- 
tropic  structure  of  mean  meridional  and  transient  transport  of  angular  momen¬ 
tum  has  not  been  completely  resolved  and  requires  further  investigation. 
Angular  momentum  balance  is  achieved  through  a  combination  of  processes  Which 
entail  global  scale  thermally-forced  transport  processes,  boundary  conditions 
and  non-linear  interaction  within  the  barocllnlc  wave  domain  of  middle  lati¬ 
tudes.  Insight  into  Interaction  of  mid-latitude  barocllnlc  waves  with  embed¬ 
ded  transient  extratropical  cyclones  and  larger  scale  transport  processes 
remains  a  challenge  within  the  lsentroplc  perspective  of  the  forcing  and 
maintenance  of  the  circumpolar  vortex. 
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Figure  Legends 


Figure  1.  Schematic  of  closed  differential  tube  of  cross-sectional 
area  d$dn . 

Figure  2.  Mass  stream  function  for  the  isobaric  and  iaeatropic  mean 

meridional  circulations  for  January  1979  (units,  1010  kg  s'*1). 
Arrows  indicate  the  direction  of  the  circulation. 

Figure  3.  j Mass  stream  function  for  the  isobaric  and  isentropic  mean 

/  meridional  circulations  for  April  1979  (units,  10l0  kg  s”1). 

I  Arrows  indicate  the  direction  of  the  circulation. 

Figure  4 J  Mass  stream  function  for  the  isobaric  and  isentronlc  mean 
1  meridional  circulations  for  July  1979  (units,  10*“  kg  s'*1). 
j  Arrows  indicate  the  direction  of  the  circulation. 

Figure  5.  Mass  stream  function  for  the  isobaric  and  isentropic  meen 

meridional  circulations  for  October  1979  (units,  1010  kg  s-'1) . 
Arrows  indicate  the  direction  of  the  circulation. 

Figure  6.  Meridional  cross-sections  of  time  and  zonally-sveraged  pressure 
on  an  Isentropic  surface  for  January(a)  and  July(b)  of  1979 
(units,  102  mb)  and  time  and  zonally-averaged  hydrostatic  mass 
distribution  (pJ.)  for  January(c)  and  July(d)  of  1979  (units, 

10  kg  iS2  K-1) .  0 

Figure  7.  Schematics  of  horizontal  (X,$)  end  vertical  (X,p)  distributions 
of  geopotential  and  potential  temperature  within  a  steady 
baroclinic  wave.  In  the  zonal,  vertical  cross-section  the  dashed 
lines  designate  trough  and  ridge  positions  which  separate  regions 
of  poleward  and  equatorward  geostrophlc  motion  within  two 
isentropic  layers.  The  layer  in  7b  extends  from  a  lower  isentrope 
0,  to  an  Intermediate  isentrope  0  to  an  upper  Isentrope  0 
(figure  after  Johnson,  1979). 

Figure  8.  Schematic  of  amplifying  baroclinic  wave,  see  legend  of  Figure  7 
for  structural  details  (figure  after  Johnson,  1979). 

Figure  9.  Meridional  cross-sect ions  of  mass-weighted,  time  and  zonally- 
averaged  diabetic  heating  for  January,  April,  July,  and  October 
1979  (units,  10- 1  K  day-1). 

Figure  10.  Mess-weighted  vertical  average  of  time  and  sonally-averaged 
diabetic  heating  for  January,  April,  July,  and  October  1979 
(units,  K  day-1). 

Figure  11.  Meridional  cross-sections  of  time  and  longitudinally-averaged 

zonal  wind  component  (u)  in  isobaric  coordinates  for  January  and 
July  1979  (units,  m  s-1) . 


Figure  12.  Meridional  cross-sections  of  the  total,  mean  meridional,  standing 
eddy,  and  transient  transport  of  relative  angular  momentum  in 
isobaric  coordinates  for  January  1979  (units,  1016  kg  m2  s”2  mb”1). 

Figure  13.  Meridional  cross-sections  of  the  total,  mean  meridional,  standing 
eddy,  and  transient  transport  of  relative  angular  momentum  in 
isobaric  coordinates  for  July  1979  (units,  1016  kg  m2  s”2  mb-1). 

Figure  14.  Meridional  profiles  of  vertically  integrated  transport  of  total 

relative  angular  momentum  and  its  component  parts  for  January  and 
July  1979  in  isobaric  coordinates (a  and  b)  and  isen tropic 
coordlnates(c  and  d)  (units,  1019  kg  m2  s"2). 

Figure  15.  Meridional  cross-sections  of  mass-weighted,  time  and  longitudinally- 
averaged  zonal  wind  component,  0,  (a  and  b)  in  isentroplc  coordinates 
(units,  ms”1)  and  time  and  longitudinally-averaged  momentum, 
pj.u,  (c  and  d)  in  isentroplc  coordinates  for  January  and  July  1979 
(units,  102  (kg  m  s”1)  m"2  K”1). 

Figure  16.  Meridional  cross-sections  of  the  total,  mean  meridional,  standing 
eddy,  and  transient  transport  of  relative  angular  momentum  in 
isentroplc  coordinates  for  January  1979  (units,  1017  kg  m2  s“2  K-1) . 

Figure  17.  Meridional  cross-sections  of  the  total,  mean  meridional,  standing 
eddy,  and  transient  transport  of  relative  angular  momentum  in 
isentroplc  coordinates  for  July  1979  (units,  1017  kg  m2  s”2  K-1). 


Figure  3*  Mass  stream  function  for  the  iaobaric  and  isentropic  mean  meridional  circulations 
fur  April  1979  (units,  1010  kg  s”*).  Arrows  Indicate  the  direction  of  the  circulation. 


Figure  7.  Schematics  of  horizontal  (X,$)  and  vertical  (X,p) 
distributions  of  geopotential  and  potential  temperature  within  a 
steady  baroclinic  wave.  In  the  zonal,  vertical  cross-section  the 
dashed  lines  designate  trough  and  ridge  positions  which  separate 
regions  of  poleward  and  equatorward  geo strop hie  motion  within  two 
lsentropic  layers.  The  layer  in  7b  extends  from  a  lower  istentrope  0, 
to  an  intermediate  lsentrope  8  to  an  upper  lsentrope  8  (Figure 
after  Johnson,  1979) #  ®  u 
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Figure  8.  Schematic  of  amplifying  baroclinlc  wave,  see  legend  of 
Figure  7  for  structural  details  (Figure  after  Johnson,  1979) . 
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Fleurs  9*  Meridional  cross-sections  of  nass-welghted,  tine  and  sonally-everaged  diabatlc 
hasting  for  January,  April,  July,  and  October  1979  (units,  10-1  K  day"1). 
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Figure  17.  Meridional  cross-aeetions  of  the  total,  mean  meridional,  standing  eddy,  and 
transient  transport  of  relative  angular  momentum  in  isentropic  coordinates  for  July  197 


